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OF EXTREMELY LOW-CONDUCTIVITY HIGH-YIELD DIELECTRICS
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emitted from a surface under electron irradiation [Fig.
1(a)]. Backscattered electrons (BSE) are electrons
which originate in the incident beam and undergo one or
more elastic or inelastic collisions inside the material
before being scattered back out of the material. Most
backscattered electrons tend to have energies close to
the incident beam energy. Secondary electrons are
electrons which originate within the material and are
excited from their bound states by collisions with
incident electrons. Their energy tends to be much
smaller than the incident electron energy therefore they
are only able to reach the surface if they originate from
sufficiently shallow depths. Their energies are usually
peaked near 2-5 eV. [Fig. 1(b)] Each of these
classifications has its own respective yield (termed
“secondary yield”, and “backscattered yield”) which
when summed together gives the total electron yield or
TEY; this is the ratio of total emitted charge to incident
charge. It is possible to distinguish between these two
types of electrons using a retarding field analyzer to
screen out low energy secondary electrons.3

ABSTRACT
Electron yield, a material dependent property which
describes how it will charge under incident electron
irradiation of a given energy, is defined as the number
of electrons emitted from a material per incident
electron. While very important for spacecraft charging
modelling, the measurement of electron yield for
insulating materials is very challenging because
insulators quickly charge up under electron irradiation,
thereby modifying the yield measurements.
Improved techniques have been implemented to reduce
charging with each yield measurement, as well as to
neutralize acquired charge between measurements. The
goal is to determine the “intrinsic yield” (yield of
uncharged insulator). New analysis methods have been
developed to analyze yield on smaller time scales with
resulting reduced charge deposition. Tests to validate
these techniques as well as their results are discussed.
Future work will complete these validation tests.
1.

(a)

INTRODUCTION

Electrical charging of spacecraft due to interactions with
the space plasma environment is the leading cause of
environmental-induced spacecraft malfunctions.1 When
nearby dissimilar materials charge under incident
electron irradiation they can reach potential differences
large enough to produce electrostatic breakdown of
insulating materials2 which can damage or destroy
sensitive electrical, optical and mechanical components.
This electron induced charge build up is described by a
material-dependent property, electron yield, which is
defined as the number of emitted electrons per incident
electron. Although the measurement of yield is very
important for space weather effects modelling, the
accurate measurement of the absolute electron yield for
insulating materials is very difficult because charge
build up in insulators modifies the incident and emitted
energies of electrons. This messes up measurements
because yield varies with incident electron energy and
material surface potential.
2.

BACKGROUND

1.

Electron Yield

(b)

Figure 1. (a) Schematic of electron trajectories for
electron induced electron emission. Note the positive
hole left behind by the secondary electron. (b) Typical
Energy distribution of emitted electrons showing a
large secondary electron peak at low energies, and a
smaller spread out backscattered electron peak at
higher energies.

There are two classifications of electrons which are
This work was supported by funding through Sienna
Technologies, JWST through NASA GSFC, and a Utah
NASA Space Grant Consortium Fellowship.
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rotatable carousel so that they can be positioned in front
of the electron beam. A faraday cup, also located on the
carousel is used to measure the flux density of the
electron beam and by traversing the beam can give
information about the beam profile. The hemispherical
grid retarding field analyzer, or HGRFA is used to
measure electrons emitted from the samples, and can be
positioned over each sample (Fig. 3). The charge
deposited in different surfaces of our apparatus is
measured via current to ground through extremely fast
and sensitive nanoammeters outside the chamber.

+
-

-

Figure 2. Example of TEY vs. incident electron energy
for HOPG graphite showing low/high energy negative
charging regions as well as an intermediate energy
positive charging region.

3.

Conductor Yield Measurement

Methods used to measure the electron yield of
conductors involve irradiating the material with a steady
beam of incident electrons, and collecting the emitted
electrons. The energy distribution of emitted electrons,
and distinction between SE and BSE, is measured at
USU using the hemispherical-grid retarding field
analyzer (HGRFA). This gives accurate and precise
measurement of yield because both incident and emitted
charges can be measured on an absolute scale and the
hemispherical grids, which can be voltage biased to
measure the energy profiles of emitted electrons4 [Fig.
4(a)], produce fields which are nearly parallel or antiparallel to the electron trajectories. This reduces
distortions to electron trajectories and produces
enhanced energy measurement resolution.

Measured yield values are dependent on incident
electron energy (Fig. 2) If incident electron energies are
low they will not have enough energy to excite many
secondary electrons out of the material, causing the
material to acquire negative charge. Similarly, if
electron energies are too high, they will penetrate deep
into the material where most excited secondary
electrons are unable to reach the surface. This also
causes negative charging. Between these extremes there
can be a range of incident electron energies where
incident electrons have enough energy to excite many
bound electrons in a region close to the surface with
enough energy to escape from the material. This causes
positive charging.

(a)
2.

Experimental Setup

Tests are performed in an ultra-high vacuum chamber,
equipped with electron guns and electric heaters/helium
refrigeration to simulate space-like pressures (~10-8
Torr), electron fluxes/energies (10 - 30,000 eV) and
temperatures (40 - 400 K). Samples are placed in a

SE
BSE

(b)
SE
HGRFA
BSE
Samples

Faraday Cup

Figure 4. (a) electron emission energy spectra on Au
for 58 eV, 79 eV and 90 eV incident beam energy
respectively from bottom to top as evidenced by the
backscattered peaks. (b) Au biased to +2, 6, and 12V
simulate sample charging. Smaller peaks shows large
re-attraction of secondary electron peaks[After Ref. 4].

Figure 3. View of experimental setup through a
window of the vacuum chamber. Samples are mounted
on a rotatable carousel which can be positioned in
front of electron beams for testing. HGRFA and
Faraday cup, which are described in the text, are also
shown.
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Figure 5. Without charge neutralization measurement
of electron yield using successive pulses of electrons
gives values approaching one as explained in the text.
[After Ref. 4]
4.

Figure 6. Problems with negative and positive
charging manifesting in deviations in yield
measurement toward 1. Flat plateaus on the edges are
due to inadequate UV neutralization, and dip in peak
is probably due to positive charging occurring over
the course of a pulse.

Problems with Insulators

Problems arise when this method is used for insulators.
When repeated yield measurements are made on
insulators these measurements approach a constant
value of one due to several factors (Fig. 5). The largest
of these problems comes from the modification of
incident and emitted electron energies by accumulated
charge. Surface voltage of charged insulators can have
multiple effects on yield measurement.5 Low energy
incident electrons can be repelled by built up negative
charge leading to a yield of one. Figure 4(a) shows the
large peak in the electron energy distribution at low
energies. Positive potentials can prevent the escape of
these low energy emitted electrons causing a drop in the
emitted charge, and thus the measured yield [Fig. 4(b)].
And finally surface voltage due to acquired charge can
modify the landing energy of incident electrons causing
incident energies other than what is intended. All of
these effects can be seen in the measurement of the
emission energy spectra. The amount of charge
accumulation that results in substantial (~25%) yield
modification has been found to be as low as 10 pC/cm2
in Al2O3 (Fig. 5).4
5.

Despite the low incident flux, yield of extremely good
insulators still showed significant charging from one
pulse to the next (Fig. 5).4 Because of this, charge
neutralization techniques were added to reduce this
effect. Neutralization of positive charge was
accomplished using a low-energy, in situ electron flood
gun. Additionally an in situ UV LED was used to
dissipate negative charge using the photoelectric effect
and radiation induced conductivity. Despite these efforts
to minimize the effects of charge accumulation, yields
of extreme insulators still showed pronounced charging
effects and required complex modelling and
extrapolation to obtain intrinsic (no charge) yield curves
(Fig. 6).4, 8, 9
3.

UPDATES

Due to advances in technology and understanding of the
processes
at
work,
improvements
to
both
instrumentation and analysis methods have been made
in order to increase the yield measurement capabilities
of the system described above.

Former Instrumentation

At the start of this project the USU Materials Physics
Group made measurements for insulating materials
using a process which was developed by Ryan
Hoffmann4 and Clint Thomson.6 A pulsed electron gun
delivered very short (~5 µs) low-current (~10 pA/cm2)
packets of electrons in order to minimize sample
charging, delivering ~50 aC/cm2 or ~300 electrons/cm2
per pulse. The HGRFA was used to collect and measure
emitted and incident electrons as well as differentiate
between emitted electron energies. The currents
collected by the HGRFA were measured by extremely
sensitive and fast picoammeters attached to a
multichannel digital storage oscilloscope, which
provided information about electron flow over the
course of each pulse.7 Yield was calculated by
determining the total incident and emitted charge via
integration of oscilloscope traces over the full pulse
duration.

1.

Instrumentation Updates

A few problems with instrumentation were determined
to be adversely affecting the former yield
measurements. There were grounding and wiring
problems with the flood gun, as well as with the UV
LED, which caused noise to enter our system. For high
yield insulators it was found that the charging in a
single pulse was large enough to re-attract electrons.
And finally neutralization methods did not have the
desired effects for negative charging and highly positive
charging incident energies.
To fix these problems the following steps were taken:
 Wiring shorts were discovered and removed.
 Flood gun and UV LED were electrically isolated
from the HGRFA to reduce noise.
3
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Figure 8. Example of point-wise yield method for Au
sample showing the evolution of yield (white) over the
course of a pulse.

Figure 7. Wiring diagram showing various surfaces
and biasing capabilities used to measure the incident
and emitted electrons. Note that this schematic does
not show the flood gun, or UV LED.








2.

The capability of voltage biasing the innermost grid
of the HGRFA was added to match the surface
voltage of positively charged samples. This should
keep low energy electrons from being pulled back
into the sample. (Fig. 7)
The beam drift tube was electrically floated and
wired to add the capability to measure any current
hitting it.
A new tantalum disk filament was installed in the
flood gun in order to increase the number of
electrons produced.
A new higher energy and power output UV LED
was installed to better neutralize negative charge.
The duration of pulse measurements was reduced to
3 µs.
Because the electron gun which we use was not
designed to run at the low energies we use, it has
been very difficult in the past to determine
appropriate gun settings to produced beams of the
desired size to fit down the beam pipe of the
HGRFA. To help with this problem a new beam
aperture was designed to fit right above the opening
to the HGRFA which helps to form a collimated
beam of the desired diameter (Fig. 9). While no
tests have been performed to determine the
effectiveness of this addition it has been found to
make measurement for low beam energies much
easier.

Figure 9. View of HGRFA with new LED, Flood gun,
and Beam aperture.


Look at waveforms to determine if data should be
left out of calculations (i.e. noisy data, or glitch in
the oscilloscope).

These options were added so that very clean pulse data
could be produced to be used by a new analysis method,
a “point-wise” yield calculation, which determines the
yield at subintervals over the course of a single pulse
(Fig. 8). This has the exciting potential to resolve the
intrinsic yield as well as the yield evolution with very
small accumulated charge (<1% of a pulse). This will
help to validate the model previously used to describe
yield as a function of incident charge.
4.

VALIDATION TESTS

To validate these enhancements the following tests have
and will be done.
1.

Analysis Improvements

Gold Tests

Because of the relative ease of performing yield
measurements on conductors, tests were done on high
purity gold. These measurements were done using the
integrated pulse method, as well as the point-wise yield
method to make sure they give similar results. Figure 8
shows the first attempt at doing the point-wise analysis
which should produce a constant yield measurement
over the course of a pulse, because no charging is taking
place. However, a drift is visible in the TEY
measurement. This is probably due to ringing in our
circuitry, or some other fluctuation which caused the
calculated yield to drift. It may also be due to timing

A new analysis program was designed to give more
options for various types of analysis. Among these
options are:
 Remove oscillatory noise in the data by doing a
sine fit to the data before and after a pulse.
 Pick which signals are summed to determine the
total incident and emitted currents.
 Change the integration limits for pulses of different
sizes.
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(b)

(a)

(c)

(d)

Figure 10. Tests done by USU (red), Onera (green), CSIC (purple) and LaSeine (blue) on (a,b) gold, and (c,d)
HOPG graphite showing, (a,c) linear absolute yield vs. energy, and (b,d) log-log normalized-yield vs. scaled-energy
to compare the shapes of the various distributions. Differences in Au data are believed to be primarily caused by
carbon contamination on the surface. [After Ref. 10]
offsets in our circuitry. Further work will be done using
smaller currents, and longer pulses to see if the time
scales of the fluctuations in these point-wise TEY traces
varies with these changes. Data will also be analyzed to
determine if shifting any of the signals in time corrects
this problem. This should help us sort out these different
sources of possible data contamination.
2.

curves were compared for the 4 facilities. As can be
seen from the graph [Fig. 10(b)], the shape of the right
peaks matched up very well, and the energy location of
the left peaks matched very well. The differences in the
height of the left peaks are probably due to different
amounts of contamination.
The data acquired for HOPG graphite showed much
better agreement between the four groups for both the
absolute yield measurements [Fig. 10(c)], and also the
normalized shape comparison [Fig. 10(d)]. This
suggests that HOPG graphite may be a better standard
due to

Round Robin Tests

Due to inconsistencies in reported yield values in the
literature, a collaborative effort has been undertaken
between four groups from around the world to develop
new standards and characterize the yield versus energy
profiles of various materials as well as their emission
spectra and the effects of material surface
contamination. Some preliminary findings of this
collaboration have been reported for identical samples
of high purity Au and HOPG graphite prepared and
cleaned at USU.10 These results showed extreme
sensitivity to surface contamination of Au [Fig. 10(a)].
In both the USU and the CSIC data there appeared to be
two peaks which appeared in almost exactly the same
locations. These double peaks were assumed previously
to be caused by some type of systematic instrument
error, however this correlation between two independent
measurements suggests something else. This has been
theorized to be caused by a thin layer of contamination
on the Au surface. Using Auger spectroscopy the group
at Onera showed that most of the contamination was
due to carbon. By normalizing the yield data and scaling
the energies to a peak at one, the shapes of the yield

1.

2.

Cleaning graphite is very easy using scotch tape
applied to the surface, and pealing it off to remove
a few atomic layers from the surface.
How hard it is to clean gold. Producing clean gold
requires consecutive baths in various chemicals to
remove different types of contaminants, and then
passing the sample through an oxidizing flame to
remove any free radicals from the surface.

One interesting point to consider is that the peak
energies measured for HOPG line up well with the left
peaks in the contaminated Au data which backs up the
idea that the left peaks are caused by carbon
contamination.
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insulators with different amounts of inner grid biasing
to see how this affects the emission spectra and
ultimately the TEY measurements.
3.

Stable Flood Gun Emission

The flood gun emission current will be measured with a
Faraday cup to quantify the flux density with different
gun settings. The stability of these settings over time
will also be tested to ensure small percent deviations.
4.

In the past we have had troubles producing good
incident electron beams at low energies because our
electron gun was not designed to work at such low
energies. Because of this we are also unsure of the
actual output energies at low energy settings. We will
use a movable Faraday cup to find appropriate gun
settings to produce a focused, stable incident beam for
all energies. The beam energies will also be measured
by performing voltage bias sweep on the faraday cup
and measuring the current at different voltage biases.

Figure 11. New measurements of insulators such as
BN show much better charge neutralization for
negative and positive charging. They also line up well
with yield models such as NASCAP.
3.

Insulator Neutralization

Many tests have been done on insulators which have
shown progressive improvements as modifications have
continued to be made. Tests on BN, a high resistivity
ceramic material, show good neutralization for both
negative and positive charging energies (Fig. 11). There
may still be trouble with charging at high incident
energies due to the deep deposition of charge. This may
be due to difficulties of UV light reaching the deep
charge layers involved. Tests have also shown that even
without electron flooding UV radiation has a
neutralization effect for both negative and positive
acquired charge. This may be due to the creation of
photoelectrons inside the HGRFA which are attracted
by the positively charged sample. This would produce
in a similar fashion the same effect as electron flooding.
Because of these neutralization techniques it has
become possible to measure yields for incident energies
as low as 10 eV.
5.

FUTURE WORK

1.

Charge Neutralization

5.

Point-Wise Yield Calculations

More work needs to be done to get the correct conductor
response, which should show no fluctuation of the
measured point-wise yield over the course of each
pulse. There are a few preliminary ideas which may
help sort this out. Because the main theory for why this
is occurring has to do with fast changes in current,
measurements made using longer pulses of maybe 8-10
µs may show oscillations at the front and back of the
pulse and flat portions in the middle. Also tests done in
the past with the gun filament turned off have shown
small pulses in the signals probably due to cross talk
between our pulse generator and our signals. There’s a
possibility that measuring these small pulses and
subtracting them from our data may also remove some
of this problem.

To validate our charge neutralization modifications,
tests will be done on boron nitride (BN) and polyimide
with and without charge neutralization techniques to
ensure that neutralization is occurring. To determine the
appropriate exposure duration for neutralization to occur
various tests will be done with different neutralization
time intervals. Tests will also be done to show how
yield measurements change from pulse to pulse with no
charge neutralization (Fig. 5). This will be compared to
the yield versus charge build-up model by Hoffmann4.
2.

Electron Beam Settings

Once things appear to be working correctly two tests
will be done on insulators to validate our changes. One
test will be done with twice the current and half the
pulse length as the other to show that the yield versus
incident charge relationship is the same for both tests.
These tests will also be compared to the results of
several consecutive smaller duration pulse tests.
6.

CONCLUSION

Many improvements have been made to the USU
Materials Physics Groups electron yield measurement
system and they show exciting promise for the
measurement of high-yield, low-conductivity materials.9
These improvements will allow for the development of
better charging models, charge mitigation techniques,
and potentially an increased lifespan of spacecraft.

Inner Grid Biasing

To ensure that grid biasing allows for yield
measurement with high charging, tests will be done on
gold with the sample biased both positively and
negatively to simulate a charged insulator. When
measurements are performed with a matching voltage
bias on the inner grid, yield values should match those
of an unbiased gold sample. Tests similar to this have
previously been done by Ryan Hoffman3 but without
biasing the inner grid. Tests will also be done on
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